Interferon (IFN)-g and its receptor are key elements of innate and adaptive immunity and have been implicated in a wide range of infectious and inflammatory disease processes. IFN-g is produced in abundance during clinical episodes of malaria [1] . In animal models of malaria, CD8 + T cell-dependent IFN-g production is crucial for protection against the parasite at the liver stage of infection [2] , and neutralizing IFN-g antibodies abolish the protective effect of interleukin-12 [3] . However, IFN-g may also contribute to the pathology of the disease, as is exemplified by a murine model of cerebral malaria (CM), in which IFNGR1 gene disruption is protective against cerebral complications of Plasmodium berghei infection [4] .
The receptor for IFN-g is made up of a and b subunits, both of which are integral membrane proteins. The a subunit (encoded by the gene IFNGR1 ) plays a critical role in ligand binding, receptor trafficking, and signal transduction [5] . Disruptive mutations in the IFNGR1 coding region cause extreme vulnerability to infection with environmental mycobacteria, bacille Calmette-Guérin, and Salmonella (reviewed in [6] ). These mutations tend to be fatal but are extremely rare. In this article, we explore the question of whether more-common polymorphisms affecting IFNGR1 gene regulation might exist in a population that it is highly exposed to malaria and assess how these polymorphisms might influence susceptibility to severe malaria.
Subjects and Methods
Subjects. Children with CM and/or severe malarial anemia (SA) at the Royal Victoria Hospital, Banjul, The Gambia were prospectively recruited. Here we use the term "severe malaria" to refer to CM and/or SA. CM was defined as a Blantyre coma score < 2 [7] that persisted for . 30 min after any convulsions had ceased in a child for whom P. falciparum parasites were found on thick blood film and who had no evidence of meningitis or any other cause of coma. If the child had transient convulsions at admission, coma score was assessed 30 min after convulsions had ceased. SA was defined as a packed cell volume of ,15% in a child for whom P. falciparum parasites were found on thick blood film. Of 562 children, 68 had CM and SA, 308 had CM alone, and 186 had SA alone. Two hundred thirty-eight children were Mandinka, 112 were Jola, 62 were Fula, 67 were Wollof, and 83 were of other ethnic origin. For case-control analysis, the population controls were 569 umbilical cord blood samples collected at Gambian health clinics: 174 from Mandinka patients, 89 from Jola patients, 138 from Fula patients, 92 from Wollof patients, and 76 from patients of other ethnic origin. Both parents of affected children served as control subjects for transmission disequilibrium test (TDT) analysis.
Identification of mutations. We sequenced the region 1400 nt upstream of the translational start site in 34 randomly selected Gambian umbilical cord blood samples and 36 Gambian tuberculosis patients by using the following first-round polymerase chain reaction (PCR) primers: AGC CCC TCA TAC CAA CTC AAG ACA CCT T (IFNGR121679/21652) and GGA TTA CAA GAG TCG GAA AAA CAA GCG G (IFNGR1+351/+324). Dye-terminator sequencing was done on a MegaBACE 1000 and ABI 377 DNA sequencer with the DYEnamic ET reagent premix (Amersham) and the following primers: forward, CTA CTC CAT AGA CGC CTA AAC G (IFNGR121411/21390) and TGA CAC TGA ATT GCT GAG AAG G (IFNGR12599/2578); reverse, TAC CTG AGG ACG GCC CCA GA (IFNGR1+88/+69) and CAT TTG AGG AAC CGT AGA CTT AGC (IFNGR12461/2484).
Genotyping. To increase the DNA concentration, the samples were subjected to whole-genome amplification, using primer extension amplification [8] with 15-base random oligonucleotides (Genpak). Genotyping was done by an investigator who was blind to subject status, using an amplification mutation refractory system PCR with the following primers: IFNGR1+95T allele-specific probe, 5 0 -GCCGCAG-CCCTGCCACGAA; IFNGR1+95C allele-specific probe, 5 0 -GCCG-CAGCCCTGCCACGAG; IFNGR1+95 common probe, 5
0 -AGGC-TCCAAGACAACCAGG; IFNGR12270T allele-specific probe,
Because amplification mutation refractory system PCR proved to be unreliable for genotyping of the IFNGR1256 polymorphism, this polymorphism was genotyped by ligation detection reaction [9] .
In brief, a 670-bp fragment around the single-nucleotide polymorphism (SNP) was amplified (primers were 5 0 -TCA GGC TCC AAG ACA ACC AGG and 5 0 -CCA CGG AGC CCC AGT CTC G), and allele-specific hybridization/ligation was done, using a phosphorylated common probe (5 0 -GCT GGG CTG GTC CCG CAG AAA AAA AAA A) and allele-specific probes (5 0 -FAM-AAA AAA TTA ACC GGG GCT GGA GGG CAG T, and 5 0 -HEX-AAA AAA TTA ACC GGG GCT GGA GGG CAG C). Samples were run on a DNA analyzer (ABI 3700; Applied Biosystems), and the accuracy of the method was confirmed by BtsI digestion (further genotyping assay details are available on request).
Results
Mutation detection. In the region between 21400 and +100 nt of the translational start site, sequencing of 140 Gambian chromosomes revealed 3 T-to-C SNPs, at +95, 256, and 2270 nt, and a TT deletion, at 2470/2471 nt. All samples differed at position 2611 from the current National Center for Biotechnology Information reference sequence (they were homozygous for A instead of G at this position). Genotyping of .500 Gambian umbilical cord blood samples yielded frequencies of 0.11 for the 2470delTT allele, 0.02 for the 2270C allele, 0.50 for the 2 56C allele, and 0.49 for the +95C allele. No significant differences in frequency were observed between ethnic groups (Mandinka, Jola, Fula, Wollof, and other), and Wright's fixation index (F ST ), a measure of genetic divergence between subpopu- 
Case-control study. We investigated the association between alleles and susceptibility to severe malaria. Within the total study population, no significant disease association was seen, but in the largest ethnic group, Mandinka, heterozygotes for the IFNGR1256 polymorphism appeared to be protected against CM (odds ratio [OR], 0.54; P ¼ :016; table 1). Among Mandinka patients with CM, IFNGR1256 heterozygosity appeared to protect against fatal outcome (heterozygote frequency among survivors, 33 of 76, and among patients with fatal cases of CM, 4 of 28; OR, 0.22; P ¼ :006). Among Mandinka patients, those carrying the double deletion at position IFNGR12 470 were protected against severe malaria in general (OR, 0.58; 95% confidence interval, 0.36-0.93; P ¼ :017). When the Jola, Fula, and Wollof patients were analyzed separately, no significant associations were observed (data available on request).
Family analysis. One way of excluding the possibility that the findings described above are the result of an ethnic artifact (e.g., heterogeneity in the Mandinka group) is to reanalyze the disease association within families by TDT [10] . Therefore, we genotyped the parents of the Mandinka children with CM for the IFNGR1256 polymorphism to test the hypothesis that heterozygotes are protected from the disease. We identified 52 families in which the parental genotypes had an equal chance to produce a heterozygous or a homozygous child (i.e., CT £ TT, CC £ CT, or CT £ CT). Only 19 children were heterozygous, whereas 33 children were homozygous for 1 of the alleles (OR, 0.52; P ¼ :05), which supports the association observed in the case-control analysis. We also analyzed the IFNGR12470delTT allele in Mandinka families in which the child had any form of severe malaria: 62 families were informative (i.e., at least one parent was heterozygous), and the ratio of transmitted alleles to nontransmitted alleles was 28:34, which demonstrated a nonsignificant trend in the same direction as that seen in the case-control analysis.
We considered the possibility that susceptibility to severe malaria in the Mandinka group might be associated with a specific IFNGR1 haplotype. DNA from the parents of all 562 patients with severe malaria was genotyped for all 4 polymorphisms. Haplotypes were constructed and frequencies were determined from maximum likelihood calculations, using the TRANSMIT program (available at http://www.gene.cimr.cam.ac.uk/clayton/ software) [11] . Table 2 shows the 6 haplotypes that were observed at frequencies . 1% in this population, 2 of which accounted for 85% of all chromosomes. Haplotype frequencies for the Mandinka group were similar to those in the general population, and the haplotype analysis did not reveal any association other than the SNP association described above.
Discussion
Because IFN-g has both beneficial effects (on microbial killing) and potentially deleterious consequences (e.g., severe inflammation), it is conceivable that natural selection might favor different levels of IFNGR1 expression, depending on the type of infectious pathogens to which a population is exposed. The genomic region surrounding IFNGR1 has been linked to severe hepatic fibrosis in community-based studies of Schistosoma mansoni infection [12] , which is consistent with this notion, but thus far no clear evidence of an association between any specific IFNGR1 polymorphism and susceptibility to common infections within the general population has been found.
Two of the variants that we identified in the IFNGR1 gene promoter regions show preliminary evidence of association with severe malaria in individuals who are Mandinka, the major Gambian ethnic group. In our case-control analysis, persons heterozygous for the IFNGR1256 polymorphism appeared to have 2-fold protection against CM and 4-fold protection against death resulting from CM, and the IFNGR12 470delTT allele was associated with nearly 2-fold protection against severe malaria in general. Analysis of disease association in families is generally less statistically powerful than case-control analysis, but it is a valuable way of excluding ethnic artifacts. In the families tested here, the IFNGR1256 association was significant, and the IFNGR12 470 association showed a nonsignificant trend in the same direction as the results of the case-control analysis.
The apparent protective effect of IFNGR1256 heterozygosity raises the question of whether this is a balanced polymorphism with effects analogous to those of hemoglobin S, with the result that heterozygotes may be fitter than individuals with either of the homozygous genotypes in populations that are highly exposed to P. falciparum malaria. The possible mechanism is open to speculation. One of the homozygous genotypes may be associated with failure to mount an immune response that is sufficiently strong to control the parasite, the other homozygous genotype may be associated with an excessive inflammatory reaction, and the heterozygous genotype may result in an optimally balanced response. If the findings of the present study are confirmed by independent studies, this will clearly be an issue that requires detailed functional investigation (e.g., investigation of expression patterns on monocytes of Mandinka subjects with different genotypes).
The region extending 700 bp upstream of the IFNGR1 translation initiation site has full promoter activity [13] , and both of the polymorphisms that are associated with malaria have features of potential functional interest. IFNGR1 has multiple transcriptional initiation sites, one of which lies at 255 nt and might therefore be perturbed by the IFNGR1256 polymorphism. The sequence around 256 nt is also reminiscent of an AP4 binding site. Other transcription initiation sites lie at 221, 231, 237, 261, and 275 nt, and the IFNGR1256 polymorphism would lie, therefore, within the 5 0 untranslated region of certain transcripts. The sequence around 2470 nt is reminiscent of a signal transducer and activator of transcription-1 (STAT1) binding site (TTCCtcaAA), and the IFNGR12470delTT allele abolishes the critical first 2 positions of this binding motif. The IFNGR1+95 polymorphism lies at the beginning of intron 1 and in close proximity to a splice site.
These associations must be interpreted with caution; we found them in only 1 ethnic group, and they conceivably could arise in a number of ways: first, they may be artifacts of subset analysis; second, the polymorphisms may directly affect IFNGR1 regulation, but only in the presence of other genetic determinants that are confined to this ethnic group; third, the polymorphisms may be nonfunctional but act as genetic markers of other, functional IFNGR1 polymorphisms that are confined to this ethnic group; and fourth, the genetic effect may depend on environmental circumstances that differ between ethnic groups. This is not the first study to find that the Mandinka population of The Gambia has specific genetic and phenotypic features. For example, one study in rural areas of The Gambia has shown that childhood splenomegaly and malaria are less prevalent among Mandinka individuals than among their neighbors [14] . The notion that either genetic or environmental differences between West African ethnic groups may make a substantial contribution to malaria susceptibility is bolstered by evidence of strong protection against malaria among the Fulani of Burkina Faso [15] . These data highlight the need to amass DNA collections that are much larger than those currently available, to evaluate relatively modest genetic effects that, as a result of either to gene-environment interactions or population differences in haplotype structure, may manifest only in a specific ethnic group.
